Objective: The goals of this study were to determine the prevalence of hypertension and recoarctation in operated children and teenagers and to integrate clinical and imaging technique data.
M
any follow-up studies of patients operated for aortic coarctation have shown a variable prevalence of recoarctation and systemic hypertension. The younger the child at the time of repair (particularly below 6 months), the higher the risk of recoarctation and the lower the risk of hypertension.
1,2 When older children are operated for aortic coarctation, the late follow-up is poor with shorter survival due to cardiovascular complications and a great prevalence of systemic hypertension (20-68%) when compared with the general population. 3, 4 Other aspects such as the surgical technique used, the criteria of aortic recoarctation, the morphological aspects of the lesion, and the postoperative follow-up are also important.
There is no doubt that the surgical correction of aortic coarctation prolongs life. In 2 large follow-up studies, 3, 5 the authors emphasize the importance of using more sensitive image methods such as Doppler echocardiography and nuclear magnetic resonance in the study of recurrent coarctation. However, there are few postoperative follow-up studies that used imaging methods to obtain a greater sensitivity in the analysis of late complications. 2, 6 Our objective was to study children and adolescents (operated from birth to 14 years of age) to analyze (1) the prevalence of recurrent coarctation; (2) the prevalence of systemic hypertension; and (3) the correlation of imaging method findings and clinical data. To reach these objectives a detailed clinical observation was performed, as well as Doppler echocardiography and magnetic resonance imaging (MRI).
Patients and Methods
We studied retrospectively 113 patients operated for aortic coarctation at the Heart Institute (InCor), University of São Paulo, between 1970 and 1996. All individuals who had surgical correction of isthmic aortic coarctation up to the age of 14 years at our institution were called to take part in the study, except those with cyanotic heart defects. The final group corresponds to those who attended the solicitation and those being followed with regularly scheduled medical visits. They were divided into 3 groups, according to the age at the first operation, as follows: 0 to 1 year of age, 43 patients; 1 to 10 years, 53 patients; and older than 10 years, 17 patients. Surgical techniques were as follows: 79 had resection with end-to-end anastomosis; 14 had patch enlargement; 13 had subclavian flap aortoplasty; 4 had end-to-end anastomosis plus a flap of the left subclavian artery; 2 had Mendonças technique; 1 had end-lateral anastomosis of the subclavian artery. There was a prevalence of male patients (n ϭ 76, 67%) over females. The mean age at operation was 3.95 Ϯ 4.17 years (age range: 11 days to 14 years; median: 2.35 years). The weight at the time of the first operation could be retrieved from the medical records in 109 patients; the mean value was 14.24 Ϯ 11.58 kg (range: 2.37-45.60; median: 10.30). The mean follow-up period was 4.62 Ϯ 4.49 years (range: 68 days and 26 years, 6 months; median: 3.32 years).
The clinical data, results from complementary preoperative exams, and information about anatomical aspects and operative techniques were obtained by reviewing recorded data and descriptions of surgery. In the postoperative period, all patients were called to a medical interview and physical examination, including blood pressure measurements taken on right and left arms and legs. The research was explained to the patients and consent was obtained from each participant or their parents. The ethics committee of the Heart Institute approved the study protocol. Blood pressure was sequentially measured by the aneroid sphygmomanometer and cuffs of 2.5, 5.0, 7.5, and 12.0 cm. Patients were considered hypertensive when the mean of 2 measures of systolic and/or diastolic blood pressure on right arm was equal to or higher than 95th percentile for age as defined by the Task Force on Blood Pressure Control in Children 7 or when they were prescribed antihypertensive drugs. For patients over 18 years of age, hypertension was considered when mean systolic and/or diastolic blood pressure was higher than 140/90 mm Hg. Distribution of blood pressure values and hypertension were studied according to age at operation. In 10 patients we were not able to obtain right arm blood pressure during first clinical exam, and blood pressure was obtained in 4 extremities in only 51 (45%).
Recoarctation or recurrent coarctation was defined when the systolic gradient between the right arm and leg, measured with sphygmomanometer, was equal to or higher than 20 mm Hg. The same gradient was considered for Doppler echocardiographic measurements of aortic isthmus and descendent aorta. The right armleg gradient measured during clinical examination was considered the gold standard. The prevalence of recoarctation according to age groups was studied. Bidimensional echocardiography with continuous color Doppler and M mode was performed in 112 patients (1 patient could not be examined by this method due severe thoracic deformity). An Aloka SSD-80 machine (Aloka Co Ltd, Tokyo, Japan), with transducers of 3.5 and 5.0 mHz, was used to perform the exams. The slices were done as routine echocardiograms in congenital heart diseases. The systolic gradient in the aorta was determined by continuous map color Doppler in the isthmus or in descending aorta. Doppler gradient was calculated through simplified Bernoulli equation.
MRI was performed in 66 patients; the other 42% were not submitted to this examination because they were too young and parents did not permit general anesthesia. Gyroscan ACS 0.5T (Philips Medical Systems, Best, The Netherlands) and Signa LX CVI 1.5T (General Electric Co, Medical Systems Group, Milwaukee, Wis) scanner machines were used to perform the exams. The spin-echo images were obtained with sections of 3.0-and 5.0-mm thickness in axial, sagittal, and coronal views. Aortic arch diameters were measured at 4 predetermined points, in 2 different views and maximal internal diameter. They were normalized by the aortic diameter at diaphragmatic level. 8 Ascending aorta was measured in the anterior-posterior position in axial section, just above the aortic valve. The sagittal section aorta was measured at the following points: between brachiocephalic artery and left common carotid artery; between left common carotid and left subclavian artery; at isthmus and diaphragmatic level. In 1 patient with persistent fifth aortic arch not all measurements could be performed. Each normalized segment was studied for mean value and range according to the age at operation. Segment ratios smaller than 0.9 were considered hypoplastic according to Clarkson and Brandt. 8 Those greater than 1.5 were assumed to be dilated. Recoarctation was considered when the ratio was smaller than 0.6 at the site of correction. 2, 9 Catheterization was performed in 11 patients when there was discrepancy among clinical and imaging data, heart failure, or indication to reoperation or balloon dilatation.
Qualitative variables and the possible associations were studied by Fisher exact test or chi-square test. For quantitative variables means, standard deviation, and minimum and maximum values were calculated. Comparison of measurements in different groups was performed using nonparametric test (Kruskal-Wallis), variance analysis to repeated measures (Friedman's test), test of selective contrast (Wilcoxon signed-rank test). The systolic gradient of blood pressure, Doppler gradient at echo, and MRI measurements were studied as a whole by determining Pearson's linear correlation coefficient. The level of statistical significance was Ͻ.05. Calculations were performed with the SAS system (Statistical Analysis System) and SPSS (Statistical Package for Social Science).
Results

Associated Intracardiac and Extracardiac Anomalies
Aortic coarctation was associated with other intracardiac anomalies in 89 patients (79%) and isolated in 24 patients. Bicuspid aortic valve was the most frequent intracardiac defect (48%). There was no significant difference in the distribution of this defect among the age groups (chisquared test). Patent ductus arteriosus was found in 39 patients (35%); in 1 child it was not clear if ductus was patent. There was a statistically significant difference in the distribution of this defect among the age groups: it was more frequent below 1 year of age (chi-squared test, P Ͻ .001). Other intracardiac-associated defects showed no significant difference in the distribution of age groups. Hypoplastic isthmus was a subjective observation during surgery in 21 patients; 2 patients had extreme coarctation and 9 patients had hypoplastic transverse aortic arch.
General Clinical Aspects
Of the 113 patients, 95 (84%) were classified postoperatively as New York Heart Association (NYHA) functional class I and 18 as class II. Patient distribution in class II according to age groups was as follows: 0 to 1 year, 6 patients (14%); 1 to 10 years, 5 patients (9%); Ͼ10 years, 7 patients (41%). There was a statistically significant difference in functional class II distribution among age groups, and this difference predominated in patients older than 10 years (P ϭ .007, Fisher exact test).
Correlation analysis. The Doppler peak gradient obtained in 51 patients during echocardiographic exam was correlated with the following clinical variables:
1. Right arm-leg systolic blood pressure gradient (Pearson correlation coefficient and significance: r ϭ .44; P ϭ .0014). The Doppler peak gradient was estimated relative to the right arm-leg systolic blood pressure gradient (20 mm Hg) and measured 30.9 mm Hg. 2. Left arm-leg systolic blood pressure gradient correlation coefficient was r ϭ .27 (P ϭ .06). There was no correlation between right or left arm-leg diastolic gradient. The right arm-leg systolic gradient and Doppler gradient correlation in 102 patients is shown in Figure 1 . Arterial hypertension. Before aortic coarctation operation, 86 of 101 patients (85%) had hypertension. The distribution of patients with elevated blood pressure relative to age groups was not statistically significant (Fisher exact test). After the coarctation operation, 39 of 102 patients (38%) had elevated blood pressure. Among these patients, 9 had recoarctation on clinical examination. There was no statistically significant difference in the distribution of pa- tients with high blood pressure between age groups by Fisher exact test (Figure 2 ). Recoarctation. Fourteen of 103 patients (14%) had clinical evidence of recoarctation. There was a statistically significant difference in the distribution of patients with recoarctation according to age groups; it predominated in patients older than 10 years (P ϭ .014, Fisher exact test) ( Figure 3 ). These 14 patients were distributed according to operative technique as follow: (1) end-to-end anastomosis in 10 (14%); (2) patch aortoplasty in 1 (7%); (3) subclavian flap in 1 (9%); (4) end-to-end anastomosis associated with subclavian flap in none; (5) Mendonças technique in 1; (6) end-lateral anastomosis in 1.
Considering the same gradient (Ն20 mm Hg) measured by Doppler, the quantity of patients considered as having recoarctation was higher, 73 of 112 (65%). In 102 individuals the right arm-leg gradient was analyzed relatively to Doppler gradient. All 14 patients with clinical evidence of aortic recoarctation had Doppler gradient Ն20 mm Hg. On the other hand, in 88 patients with clinical right arm-leg gradient Ͻ20 mm Hg, only 34 (39%) had Doppler gradient Ͻ20 mm Hg. Thus, gradient evaluation by Doppler showed great sensitivity (100%) and low specificity (39%) relative to the right arm-leg gradient.
Sixty-six patients were studied by MRI and 6 (9%) had a ratio (aortic isthmus/aorta at diaphragm) Յ0.60. The right arm-leg gradient in 64 patients was studied in relation to this ratio obtained by MRI (in 1 patient the right arm-leg gradient was missing and in another the isthmus measure could not be obtained). Six patients had this rate Յ0.60; 3 of them had clinical evidence of recoarctation. Thus, the sensitivity of right arm-leg gradient was 50% relative to MRI. In 58 patients with a ratio (aortic isthmus/aorta at diaphragm) Ͼ0.60, 49 had no clinical evidence of recoarctation; specificity relative to MRI was 84%.
Study of the aortic arch by MRI. The study of the aortic ratios, normalized by the aortic diameter at diaphragmatic level in 65 patients and divided according to age groups at operation, gave the results shown in Table 1 .
The aortic ratio median behaved the same way independently of the age at coarctation correction. There was no significant difference between the median ratios of each aortic level within all age groups (Kruskal-Wallis test). There was a statistically significant difference among medians of each aortic arch segment ratios in different age groups (P ϭ .000, Friedman test). The median ratios along the aortic arch were progressively and significantly smaller from the ascending aorta to the isthmus in all age groups (P ϭ .000, Wilcoxon signed-rank test) ( Table 1 ). 
CHD
The dimensions of the aorta at the site of correction were studied in 65 patients. In 41 (63%) the isthmus/diaphragm ratio was smaller than 0.9 with some degree of stenosis. In 22 (34%) it was between 1.0 and 1.4 and considered normal. In 2 (3%) it was larger than 1.5 and considered as aneurysmatic dilation. The patient distribution among these values, relative to age groups at operation, had no statistically significant difference by Fisher exact test.
The distal transverse aortic arch was hypoplastic in 31 (48%) patients with ratio Ͻ 0.9; in 35 the ratios were Ն0.9. Patient distribution regarding distal transverse aortic arch rate values, relative to age groups at operation, had no statistically significant difference by Fisher exact test.
Correlations. No significant correlation was detected in the ratios at the site of correction (isthmus) with right arm-leg gradient or with Doppler echocardiography.
Patients with recoarctation: Clinical aspects and noninvasive exams. The clinical aspects and results of noninvasive exams in 14 patients with clinical diagnosis of aortic recoarctation are summarized in Table 2 . These 14 patients had the following evolutions: 7 had cardiac catheterization and results are included in Table 3 . In 4 patients, the subsequent measures of blood pressure and right arm-leg gradient were lower than that obtained at first clinical examination, so they were followed clinically. A 6-year-old child had diminished right femoral pulse due to previous cardiac catheterization and had elevated right arm-leg gradient; a persistent low left arm-leg gradient was found, but the parents refused MRI. Another patient had persistent fifth aortic arch without indication to further invasive 
Discussion
The Sample This is a select group and not all patients operated during 26 years were included. Most patients were in regular follow-up at our institution. Probably this is the worst spectrum of the disease and consequently the results should not be generalized.
General Clinical Aspects
The surgical correction of aortic coarctation dramatically changed the natural history of this disease; postoperatively 95 patients (84%) were in NYHA class I and 18 were in class II. Blood pressure was within normal levels in 63 patients (62%). In one large series, 1,4 most patients (87%-97%) were in functional class I after correction. Symptoms were more frequent in children operated on at 10 years of age. One explanation for this finding could be the long time the left ventricle was submitted to pressure overload. We chose the right arm-leg pressure as a marker of recoarctation because this is an easily obtainable measurement, relatively easy to implement and to reproduce. But it is important to emphasize that in children younger than 3 years old, it may be difficult to obtain arm-leg blood pressure. Operative techniques such as subclavian flap aortoplasty and end-lateral anastomosis, subclavian artery anomalies, and repeated cardiac catheterization and surgeries cause loss of arterial pulse, and blood pressure measurements became compromised. Furthermore, small children may be stressed during examination. Because of theses aspects we could obtain right arm blood pressure in only 91% of patients. There was a weak correlation between right arm-leg systolic gradient and continuous wave Doppler gradients. This observation suggests that right systolic arm-leg gradient has a weak predictive value over continuous wave Doppler gradients.
In this study we found no correlation between arm-leg or continuous wave Doppler gradients and residual narrowing degree at the isthmus as measured by MRI. This lack of correlation between variables suggests that gradient reflects not only the degree of narrowing at operation site. The hypoplastic aortic arch may be one factor that intervenes in this relation. Seven of 14 patients with recoarctation had hypoplastic aortic arch confirmed by MRI and 6 patients also confirmed by catheterization. We wonder whether other aspects such as functional and structural alterations in precoarctation vessels and collateral circulation may also intervene. 10, 11 Other authors 6,10 did not observe correlation with arm-leg gradient at rest and during and after exercise and the degree of narrowing at angiography and MRI. Guenthard and Wyler 11 found a weak correlation between arm-leg gradient and the degree of residual narrowing site measured by MRI.
Arterial Hypertension
After surgical correction of aortic coarctation, prevalence of arterial hypertension was reduced significantly to 38%. Some authors 12 have found higher prevalence of systemic hypertension in children who had end-to-end anastomosis compared with subclavian flap angioplasty. This aspect was 
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The Journal of Thoracic and Cardiovascular Surgery • Volume 127, Number 3 717 CHD not confirmed in the present study. Prevalence of later systemic hypertension in the literature 3,13 is elevated and reflects some aspects of the studied population, such as age at operation, follow-up period, and the criteria used to define hypertension. At the same time, this diversity hinders the comparison of different studies. Although we could observe that blood pressure decreased abruptly after surgery in all age groups and in some patients it continue to decrease during follow-up, we did not study the continuous behavior of blood pressure along this period. Some authors 14 observed that prevalence of hypertension diminished abruptly 1 or 2 years after surgery and that blood pressure was normal in the majority of patients 5 to 10 years after correction. On the other hand, after longer periods of arterial blood pressure observation, the proportion of hypertension was higher in every patient age group.
Recently, Seirafi and colleagues 15 observed that later prevalence of hypertension was low (5%) in patients operated before 1 year of age and 6 times more frequent when operated after this age. These results are different from the data obtained in this paper; this can be explained by the short follow-up and the presence of hypoplastic aortic arch. In fact, the long-term behavior of the arterial pressure in children operated for aortic coarctation is not well known, and controlled studies should be performed.
The causes of later arterial hypertension after correction of aortic coarctation are not well known and even patients with normal blood pressure at rest can have hypertension during exercise. 14, 16 Some hypotheses have been suggested to explain the persistence of this problem after a successful correction. Later age at correction of coarctation, 14, 17 operative technique, recoarctation, and hypoplastic transverse aortic arch are also implicated. 12, 18 We suppose that late arterial hypertension in operated coarctation may be the result of a complex interaction of structural arterial and physiologic aspects that persists independently of age and correction of the anomaly, which is not completely understood. 
Recoarctation
One of the controversies in aortic coarctation is the definition of recoarctation, because of the range of rest gradients accepted to define it and the diagnostic methods used to measure it. 19 In this paper, noninvasive diagnostic methods could not be conclusive in every patient to diagnose aortic recoarctation. Three noninvasive diagnostic methods were used to obtain greater precision. The number of patients with diagnosis of aortic recoarctation by Doppler echocardiography was elevated (65%) and incompatible with data obtained by clinical examination and MRI, deserving detailed consideration. In some patients, there was disagreement among the anatomic lesion obtained with imaging diagnostics methods, right arm-leg gradient, Doppler gradient on echocardiogram, and gradient at cardiac catheterization (Table 3 ). These differences of gradients between Doppler echocardiography and catheterization can be partially explained by high sensitivity of Doppler echocardiography and variable degrees of hypoplasia of transverse aortic arch that may contribute to the gradient measured by Doppler. Furthermore, the instantaneous gradient measured with Doppler obtained by using the simplified Bernoulli equation is not always precise. The exclusion of the proximal velocity overestimates the gradient in mild stenosis. 20 The proximal velocity in aortic coarctation can be also elevated because of the high cardiac output. 21 The Bernoulli equation supposes that the pressure distal to stenosis is constant and equal to pressure along the stenotic segment; this is true only with severe stenosis. In mild and moderate stenoses, there is recuperation of velocity after stenosis 22 that implicates higher gradients in small constrictions. 20, 23 Data in the literature are contradictory about the degree of correlation between instantaneous peak gradient obtained by Doppler echocardiography and measured at catheterization. However, some authors 24, 25 observed that instantaneous peak gradient with Doppler overestimates the peakto-peak gradient measured at catheterization in patients with aortic coarctation. Although continuous Doppler echocardiography is an important method to evaluate aortic coarctation after operation, there are some limitations in cases showing mild obstructions, high cardiac output in patients with hypertension and aortic regurgitation, dilatation of ascending aorta, tortuous vessels, and stenosis in other sites. These considerations may explain the high prevalence of recoarctation found with this method and not previously confirmed by clinical exam or MRI and in some patients with catheterization. In catheterization, gradients Ն 20 mm Hg were obtained in transverse aortic arch in 4 patients and not at the anastomotic site. In these patients, we did not observe the typical recoarctation image at the anastomotic site.
Other authors 26 showed that in operated aortic coarctation the aortic arch was hypoplastic with greater obstruction at the distal transverse aortic arch. This study demonstrates quantitatively the hypoplastic transverse aortic arch in operated coarctation. Under the denomination of recoarctation there are 2 different anomalies: the stenosis at anastomotic site and the hypoplastic aortic arch that can be isolated or associated. At clinical examination the 2 anomalies cannot be distinguished. Based on this and other data, 26, 27 we infer that true recoarctation is not so frequent and that hypoplastic aortic arch also contributes to postoperative aortic gradient. Some authors 28, 29 have observed growth of the aortic arch after end-to-end anastomosis in infants, but the aortic arch hypoplasia was evident in the patients we studied. These data suggest that hypoplastic aortic arch should be corrected concomitantly with aortic coarctation. We speculate that hypoplastic aortic arch results from incomplete repair of coarctation or lack of growth of distal transverse aortic arch, but this aspect could not be determined by this study.
Conclusions
None of the noninvasive methods used alone in this study was able to diagnose aortic recoarctation in every case, and they should be used as complementary methods. The right arm-leg gradient obtained during clinical examination is very important to follow these patients. Although Doppler echocardiography is a good imaging method on follow-up, it may overestimate aortic gradient in recoarctation. The hypoplastic aortic arch was highly prevalent and may contribute to persistent postoperative gradient. These data suggest that it should be corrected concomitantly with isthmic coarctation.
